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ABSTRACT
The paper presents the results of thermal cracking of natural bitumens of the Beke and Munaily Mola oil sand
deposits (Kazakhstan). The data obtained show that the high-molecular components of the bitumen of the Munaily
Mola deposit are more easily cracked than those of the Beke deposit. The cracking of natural Beke bitumen in a
medium of water vapor, acetonitrile and isopropanol is studied at different temperatures and pressures. The effect of
the heterogeneous additive – nano-sized copper (II) oxide on the cracking efficiency of natural bitumen components
is identified. The total yield of gas and coke is 3.2 %, while the distillate fractions is 40.8 mass % in case of cracking
of the Beke natural bitumen in a flow reactor.
Keywords: oil sand, natural bitumen, cracking, NMR analysis, molecular mass.

INTRODUCTION
The heavy oils and natural bitumen are an important
source of raw materials required because of the growing
demand for fuel as the stocks of light and medium oils
decrease. The world resources of heavy oils and natural
bitumen exceed significantly the reserves of light oils
and are estimated at more than 810 billion tons. The
involvement of the natural bitumen in refining requires
the modernization of the existing schemes and the
development of new, more efficient technologies for
processing them aiming maximum possible number of
light fractions and their quality increase.
The heavy oils and natural bitumen are characterized by a high content of aromatic hydrocarbons, tarasphaltene substances, a high concentration of metals
and sulfur compounds, an increased coking ability.
The development of effective methods of processing
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and further use of heavy oil conversion products or
natural bitumen requires knowledge of the effect of the
temperature and nature of the catalysts in view of the
various functional groups in the structure of the resins
and asphaltenes molecules. This data is important for
a deeper understanding of the changes that occur in
the latter in the course of the processes of thermal and
catalytic cracking, the selection of optimal schemes for
the installations modernization and the determination of
the processing modes of heavy hydrocarbon feedstocks
by the refineries [1 - 3].
The thermal catalytic conversion of a heavy hydrocarbon feedstock in a solvent medium (under critical
or supercritical conditions) in the presence of catalytic
additives, for example, various oxides [3 - 7] is a promising method for producing synthetic crude oil. The
peculiarities of this process refer to the interaction of
the solvent vapors with the catalysts with the formation
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of hydrogen participating in the hydrogenation reactions
(preventing recombination of the formed radicals) and
hydrocracking. They proceed along with the processes
of oil components destruction. For example, water under
supercritical conditions has the properties of a non-polar
proton-donor solvent [8-13] thus providing significant
increase of the efficiency of the thermal processes of
destruction of heavy oil feedstocks. “Synthetic” oil of a
low content of high molecular weight and heteroatomic
compounds and high content of low-boiling fractions
is obtained.
The aim of this investigation is to develop a method
for thermocatalytic destruction of the components of
the natural bitumen from the oil sands of the Republic
of Kazakhstan. The influence of the solvents (water,
acetonitrile, isopropanol), a heterogeneous catalyst
additive (nano-sized copper (II) oxide) and the heat
treatment conditions (a stationary or a flow reactor) on
the composition of the cracking products of the natural
bitumen of the Beke deposit is studied.
The choice of the nano-sized copper oxide is determined by the fact that copper is a transition metal with
an unfilled shell of the first subgroup. Besides, it has
a catalytic activity in relation to many hydrogenation,
dehydrogenation and hydrogenolysis reactions of the
heavy oil heteroorganic compounds [14].
EXPERIMENTAL
The oil sands of the Beke and Munaily Mola deposits
(Kazakhstan) were the object of the study.
The bitumen cracking was carried out in an autoclave of a volume of 12 cm3. The bitumen weight was
7 g. According to the previous studies results [15], the
temperature of the bitumen heat treatment was 450°C,
while the duration was 60 min. A heat treatment time of
less than 60 min did not provide a high extent of transformation of the high molecular mass components. The
increase of the heat treatment time resulted in significant
increase of the yield of the solid products (coke). The
mass of the reactor in absence of a sample was fixed.
After the thermal treatment of the bitumen, the yield of
the gaseous products was determined on the ground of
the loss of the mass of the reactor with a sample after
gas products removal. The selected gaseous products
were analyzed using a gas chromatograph. After sampling the liquid products, the reactor was washed with

chloroform and weighed. The difference between the
reactor mass prior to the experiment and after it was
determined as a coke.
The instillation for bitumen thermal cracking
provided carrying out experiments under the following conditions: variation of the maximum pressure
until reaching a value of 100 atm, a reactor operating
temperature increase until reaching a value of 600°C.
This installation provided automatic maintenance of the
process temperature, raw materials supply at a given rate,
sampling of the gaseous and liquid products.
Due to the small amount of liquid product produced
in the course of the experiments, the analysis of the
fractional composition of the liquid products by the
standard method [16] was impossible. Therefore, the
light fractions content in these products was estimated
on the ground of a thermogravimetric analysis. The latter
was carried out in air using a derivatograph of MOM
(Hungary). It provided the recording of the loss of the
sample mass in case of temperature increase to 350°C
with a heating rate of 10 deg/min.
The group composition of the initial bitumen and the
liquid cracking products was established according to the
traditional scheme: first, the content of asphaltenes in the
sample was determined by the “cold” method of Golde.
The concentration of the resins in the resulting maltenes
was determined by the adsorption method. It required the
application of the analyzed product to activated silicagel,
the placement of the mixture in the Soxhlet extractor and
sequentially flushing of the hydrocarbon components
(oils) with n-hexane, while that of the resin - with an
ethanol-benzene mixture of a ratio of 1:1.
RESULTS AND DISCUSSION
The results referring to the physical and chemical
characteristics and composition of the initial natural
bitumen are presented in Table 1. The objects are characterized by high density and high molecular weight
components – resins and asphaltenes (more than 50
mass %). The bitumen of the Beke deposit has a density of more than 1100 kg/m3, while that of Munaily
Mola – more than 990 kg/m3. The total heteroatoms
content in the bitumens does not exceed 5 mass %. The
differences in their quantity are insignificant - only the
content of oxygen in the bitumen of Munaily Mola is
noticeably greater than that of the bitumen of Beke. The

565

Journal of Chemical Technology and Metallurgy, 54, 3, 2019

Table 1. Physical and chemical characteristics of the initial bitumens.

Parameters
Beke
1112.2
30.1

3

Density, kg/m
Coking ability, %
Element composition, mass %:
C
H
N
S
O
Н/С ratio
Fractional composition, mass %:
Boiling point. °C
BP – 200 °C
200 – 360 °C

Deposit of bitumens
Munaily Mola
992.1
35.0

84.8
11.7
0.6
1.5
1.5
1.6

84.7
11.4
0.4
1.4
2.1
1.6

116.8
5.1
20.2

96.5
2.2
15.6

the high content of heavy uncracking resin compounds.
They form stable asphaltene of a higher molecular mass.
The thermal cracking of the bitumen of Munaily
Mola deposit results in 26.2 % of solid products (coke),
which is 4.7 % less than that of bitumen of the Beke deposit, and 7 times less than that of the gaseous products.
As in the case of the bitumen of the Beke deposit, the
resin of the bitumen of Munaily Mola deposit is also
easily destroyed and the degree of its destruction reaches
a value of 78.9 % rel. Unlike the Beke deposit bitumen,
the content of oils in the liquid products of the cracked
bitumen of the Munaily Mola deposit increases to 14 %.
The asphaltenes content of the liquid cracking products
of the Munaily Mola bitumen is decreased by 3.8 % in
comparison with their content in the initial bitumen.
The data obtained shows that the high-molecular

H to C ratio for both bitumens is slightly greater than
1.6, which indicates a high content of hydrogen and
aromatic structures content of the bitumen components.
The bitumens differ in their fractional composition: the
boiling point (BP) is 96.5°C and 116.8°C, the yield of
the gasoline fractions (BP-200°C) is 5.1% and 2.2 %,
and of the diesel fractions (200°C - 360°C) – 20.2 %
and 15.6 mass %, respectively.
The material balance of the products of bitumen
thermal cracking is presented in Table 2. A significant
amount of coke (more than 30 %) is obtained in case
of thermal cracking of the Beke deposit bitumen. The
degree of its resin breakdown is 57.4 % rel., while the
oils yield in the liquid products is 41.5 %. This is 7.8
% less than that of the initial bitumen. The increase of
the asphaltenes amount of the Beke deposit is related to

Table 2. Material balance and bulk composition of thermal cracking products of bitumens in stationary state.

Sample of bitumen
Initial bitumen of Beke deposit
After cracking of bitumen of Beke
deposit
Initial bitumen of Munaily Mola
deposit
After cracking of bitumen of
Munaily Mola deposit
566

Content, mass %
Liquid products
Total
Oils
Resins
Asphaltenes
100.0
49.2
44.8
5.9
67.7
41.5
19.1
7.1

Gas

Coke

0
1.4

0
30.9

0

0

100.0

47.6

46.4

6.0

0.2

26.2

73.6

61.6

9.8

2.2
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B

A

Fig. 1. Fractional
composition
of natural
bitumen
liquid cracking
Bitumens:
A - Beke
deposit,
B - and
Munaily
Mola products.
Bitumens: A - Beke deposit, B - Munaily Mola
components of the bitumen of the Munaily Mola deposit
are more easily cracked than those of the Beke deposit.
The analysis of the fractional composition of the
bitumen cracking products (Fig. 1) shows that when the
bitumen of the Beke bitumen is cracked, the content of
both gasoline and diesel fractions decreases by 3.5 mass
% and 7.4 mass %, respectively. In the case of Munaily
Mola bitumen, on the contrary, there is an increase of

gasoline (by 4.6 %) and diesel (by 9.6 mass %) fractions.
Table 3 shows the distribution of protons in the
structural fragments of the averaged resin molecules and
asphaltenes of the initial bitumens and liquid cracking
products (data obtained from 1H NMR spectroscopy).
During the cracking process, the bitumen resins undergo
changes due to their destruction. Formation of resinous
structures differing in their parameters from those of

Table 3. 1H NMR spectra and molecular weights of resins and asphaltenes of the initial bitumens and their cracking
products under stationary state conditions.

Sample of bitumens
Initial bitumen of Beke deposit
After cracking of bitumen of Beke
deposit
Initial bitumen of Munaily Mola
deposit
After cracking of bitumen of
Munaily Mola deposit
Initial bitumen of Beke deposit
After cracking of bitumen of Beke
deposit
Initial bitumen of Munaily Mola
deposit
After cracking of bitumen of
Munaily Mola deposit

Molecular
weight, Da
Resins
751
499

Har

Content, %
Нα
Нβ

Нγ

4.82
7.45

14.40
14.88

67.21
63.29

13.56
14.38

556

6.03

15.32

56.83

21.82

437

15.89

26.79

44.40

12.92

Asphaltenes
2044
14.28
1304
14.75

24.97
24.63

45.94
50.19

14.81
10.43

1803

19.67

33.66

38.74

7.93

677

23.96

28.87

36.42

10.76
567

Journal of Chemical Technology and Metallurgy, 54, 3, 2019

Table 4. Composition of thermal cracking products of Beke bitumen in stationary conditions.

Composition
products

Initial bitumen

Composition of cracking products, mass %
Additions
*1
*2
*3
72.7
67.5
75.0

Liquid
products,
100.00
including:
- Oils
49.2
43.6
43.3
- Resin
44.9
3.9
7.3
- Asphaltene
5.9
25.2
16.9
Solid
–
23.8
27.3
Gaseous
–
3.4
8.5
1 - Н2О + acetonitrile; Bitumen/acetonitrile/water ratio = 4/3/1;
2 - Н2О + acetonitrile + CuO (1 wt.%), Bitumen/acetonitrile/waterratio = 4/3/1;
3 - Isopropyl alcohol + CuO (1 wt. %), isopropyl alcohol/bitumen ratio = 2/3.
the initial one proceeds. Thus, the molecular weight
of the resin molecules of the cracking products of the
Beke bitumen decreases 1.5 times, while the fraction of
aromatic fragments in the averaged molecule increases
1.5 times – the proportion of the protons in the aromatic
structures of Har increases from 4.82 % to 7.45 %, while
the proportion of the protons of the terminal groups (Hγ)
increases from 13.56 % to 14.38 %. The proportion of
the protons of the groups in α-position to the aromatic
nucleus remains almost unchanged. The share of Hβ
protons decreases, which indicates a slight destruction of
the aliphatic fragments of the resin molecules during the
cracking process. These data indicates the preferential
course of the aromatization reactions of the naphthenic
cycles in the Beke bitumen resin molecules under thermal cracking conditions.
The molecular mass of the resins decreases insignificantly (from 556 to 437) in the course of cracking of the
bitumen of the Munaily Mola. This is in comparison with
the data referring to the bitumen of the Beke deposit. The
number of the aromatic protons Har increases more than
2 times. The protons in Hα aliphatic fragments increase
also. The share of protons of the terminal groups (Hγ)
and the size of Hα aliphatic substituents (Hβ) decrease
substantially. These data indicates a deeper degradation
of the bitumen resins from the Munaily Mola deposit
compared to bitumen from the Beke deposit.
The protons of the terminal groups (Hγ) of asphaltenes of the bitumen of the Beke deposit cracking
products decrease by 4.38 %, while Hβ increases by 4.25

568

58.9
8.8
7.3
19.3
5.7

%. Most likely, this is explained by the cyclization of
the aliphatic fragments with the formation of naphthenic
cycles. The asphaltenes molecular mass decreases by
740 Dalton.
For asphaltenes of the Munaily Mola deposit bitumen, the fraction of Hα and Hβ falls by 4.79 % and 2.32
%, while the molecular mass decreases by 1126 Da.
The values of Har and Hγ increase by 3.99 % rel. and
2.83 % rel.
It is found that the cracking of the bitumen from the
Beke deposit leads to a deterioration of the fractional and
material composition of the liquid cracking products due
to cyclization and aromatization reactions. The cracking proceeds along the pathway: a resin ® asphaltenes
® a coke.
Therefore the next stage of the research is focused
on the determination of the effect of various additives
(water, isopropyl alcohol, acetonitrile, copper oxide) on
the composition of the Beke bitumen cracking products
in an autoclave reactor under stationary conditions for
duration of 1 h at a temperature of 450°C. The results
obtained are presented in Table 4. The introduction of
additives to the cracking process leads to an increase of
the yield of the gaseous products (until 3.4 % - 8.5 %),
that of oils (until 43.3% - 58.9 %) and the asphaltenes
(until 7.3 % - 25,2 %), while the resins proportion is
significantly decreased (to 3.9 % - 8.8 %).
The greatest yield of the target products is achieved
by introduction of isopropanol (isopropyl alcohol/bitumen ratio = 2/3) and 1 mass % of copper oxide. The
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Table 5. Bulk composition of bitumen cracking products in different conditions.

Process
Initial bitumen
Cracking in autoclave
Bitumen + isopropanol + CuO in
flow conditions

Stotalin oils,
wt. %
0.3
0.4
0.3

total yield of the liquid products is 75.0 %, that of oils
amounts to 58.9 % , that of resins and asphaltenes is
8.8 % and 7.3 %, correspondingly. The yield of solid
products and gas is 19.3% and 5.7 %, respectively.
The introduction of water/acetonitrile (bitumen/
acetonitrile/water ratio = 4/3/1) results in a significant
decrease of the yield of resin in the cracked products
from 19.1 % (in cracked products obtained in absence of
additives) to 3.9 %, while the proportion of asphaltenes
increases from 7.1 % (for cracking in absence of additives) to 25.2 %.
The addition of copper oxide (1 %) to the water/
acetonitrile mixture leads to almost two times increase
of the yield of gas during the cracking process from 3.4
% (in water/acetonitrile mixture in absence of copper
oxide) to 8.5 % (in copper oxide presence). At the same
time, the yield of asphaltenes decreases significantly
from 25.2 % to 16.9 %.
A mixture of bitumen with isopropanol (77.8 % and
22.2 %, respectively) with the addition of a copper oxide
powder (1 mass % of the bitumen content) is fed to a
flow reactor. The feed rate is 4 ml/min, while the total
mass of the mixture is 200 g. The cracking is carried
out at a temperature of 450°C. The heat treatment of the
bitumen results in a significant decrease of the content
of oils and resins in the composition of the liquid cracking products (Table 5). This is due to the proceeding of
compacting reactions of the bitumen components with
significant coke formation.
CONCLUSIONS
The conditions of the thermal cracking of natural
bitumens of the Beke and Munaily Mola deposits under
conditions of a stationary and flow-through installation
are worked out. It is shown that by varying the conditions
and the additives introduced, it is possible to decrease

Composition of liquid products, mass %
Oils
Resins
Asphaltenes
49.2
44.9
5.9
41.5
19.1
7.1
56.6

24.3

15.3

significantly the gas and coke formation during the process of bitumen cracking, and to improve essentially the
component composition of the resulting liquid products
(the “synthetic oil”).
The introduction of additives in the course of the
cracking process taking place under stationary conditions leads to an increase of the yield of the gaseous
products by 3.4 %- 8.5 %, that of oils by 43.3% - 58.9
% and that of asphaltenes by 7.3 % - 25.2 %). The
proportion of the resins is significantly decreased by
3.9 % - 8.8 %).
A high yield of liquid products (75.0 %) and oils
(58.9 %) is observed in isopropanol medium in a supercritical environment with the introduction CuO of 1 mass
% as a result of the cracking of the Beke deposit bitumen.
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